To explore the optimal pre-sintering temperature for graded glass/zirconia material, glass/zirconia specimens were prepared and pre-sintered at 900, 1,000 and 1,100°C respectively, glass infiltration and densification at 1,450°C. Monolith Y-TZP specimens were sintered at 1,450°C. Nanoindentation was used to test Young's modulus and Hardness. Compressive strength test and cycling fatigue test were conducted. Nanoindentation test showed graded change of Young's modulus in glass/zirconia structure. The compressive strength and the number of cycles to failure of specimens pre-sintered at 1,000°C were significantly higher than those of Y-TZP and the specimens pre-sintered at 900 and 1,000°C (p<0.05). It is concluded that when the pre-sintering temperature is set at 1,000°C, the graded glass/zirconia structure exhibits the most optimal compressive strength and anti-fatigue property.
INTRODUCTION
Using a strong zirconia core material supporting a weaker porcelain veneer to reach a more excellent strength for wide indications is the effort that has been continuously made. However, the fracture rate is approximately 1-3% each year 1) . In addition of fracture problem, veneered zirconia cannot be readily adhesively bonded to dentine due to a dense, high purity crystalline structure at the bonding surface. These problems motivated us to develop novel damage resistant, easy to cement, and ultra strong glass/zirconia structures for all-ceramic prostheses. The bio-inspired design concept has been recently introduced to the development of new all-ceramic materials. The synthetic functionally graded material (FGM) architectures have been proved to significantly reduce stress concentration at the interface and toughen all-ceramic restorations [2] [3] [4] [5] [6] [7] . The synthetic procedure involves pre-sintering zirconia core and glass infiltration. The pre-sintering procedure can produce porous template for glass infiltration. It has been proved that temperature can influence the microstructure of zirconia template, which inevitably will influence the mechanical property. Therefore pre-sintering temperature may influence the mechanical property of functionally graded material. The present study aims to explore the optimal pre-sintering temperature for graded glass/zirconia material.
MATERIALS AND METHODS

Materials
Zirconia compacts were formed from a fine size yttriastabilized zirconia powder (5.18 wt% Y 2O3, TZ-3Y-E grade, Tosoh, Tokyo, Japan) using a cold isostatic press at 200 MPa. A family of glass in the SiO 2-Al2O3-K2O-Na2O-CaO-Tb4O7 system has been developed to infiltrate Y-TZP. The main composition (>1 wt%) of the infiltrating glass contained: SiO2 (65.5 wt%), Al2O3 (11.7 wt%), K2O (10.0 wt%), Na2O (7.3 wt%), CaO (3.0 wt%), and Tb4O7 (1.9 wt%). The coefficient of thermal expansion (CTE) of the selected glass composition was around 10.4×10 −6°C−1 , from 25 to 450°C similar to that of Y-TZP (10.5×10 −6°C−1 , from 25 to 450°C). The compacts were divided into four groups. To produce monolith Y-TZP, one group was sintered at 1,450°C for 2 h inside a high temperature box air furnace, cooling at room temperature. To produce graded structures, other three groups were pre-sintered at 900, 1,000 and 1,100°C for 1 h in air respectively, producing a porous template for glass infiltration. The surfaces of pre-sintered Y-TZP were coated with slurry of the aforementioned powdered glass composition. Glass infiltration and densification were carried out simultaneously at 1,450°C for 2 h in air. All specimens of G/Z were subjected to hydrofluoric acid (HF, 10%) etching for 15 min to remove outer surface residual glass layer, then to anhydrous ethanol for 180 s for ultrasonic cleaning and dried. Characterization 1. SEM microstucture Microstructure of G/Z specimens were examined by a scanning electron microscopy (SEM) (JSM-6700F, JEOL, Tokyo, Japan). Specimens were sectioned using a linear precision saw (IsoMet4000, Buehler, Lake Bluff, IL, USA). The cross-sections were polished to 1 µm finish, then ethanol cleaned and carbon coated. Backscattered electron (BSE) image was captured using energy dispersive spectrometer under 15 kv circumstance.
Nanoindentation test
Young's modulus and hardness of the residual glass layer, the graded glass-zirconia (G/Z) layer and the 
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Y-TZP interior were measured using nanoindentations (G200, Keysight technologies, Santa Rosa, CA, USA) with a Vickers indenter. Measurements were made on the polished cross-sections of G/Z at a maximum load of 200 mN to produce a penetration depth of ~300 µm in the dense Y-TZP and ~100 µm in the glass regions, respectively. The glass region was chosen as the starting point, carried out each test with a step size of 25 µm toward zirconia region and mapped a curve according to the results of each indentation.
Compressive strength test
Testing model for compressive strength was a G/Z/ polycarbonate substrates which is made of G/Z plate bonded epoxy resin onto polycarbonate substrates. The resin base had a elastic modulus very close to dentine. The G/Z plate had a thickness of 0.5 mm and a diameter of 5 mm. The polycarbonate substrate had a thickness of 4 mm and a diameter of 5 mm and the thickness of the epoxy adhesive interlayer was ~20 µm. For the present study, the thickness of the epoxy resin is not critical, because the Young's modulus of epoxy resin is similar to that of the polycarbonate base 8) . Polycarbonate was selected as a support material for the ceramic plates because it is compliant and can be considered a representative for dentin or bone. Specimens were divided to 4 groups: monolith Y-TZP bonded with resin base, graded G/Z plate at three different pre-sintering temperature (900, 1,000, and 1,100°C) bonded with resin base. Six specimens were fabricated for each group. The test was carried out on material testing system (EZ20, AMETEK, Berwyn, PA, USA). A One-way ANOVA (SAS 9.13) was used to analysis the compressive strength, A LSD test was used to compare the difference between each group. Significance level was set at 0.05.
Cycling fatigue test
The samples were prepared and grouped as same as in the compressive strength test. Sine-curve axial loading tested samples on a fatigue test machine (ELECTROFORCE, 3330, BOSE, Framingham, MA, USA) for 100,000 times or until fracture. Loading magnitude was set at −60~−600 N and −100~−1,000 N, with a frequency of 5 Hz. Number of cycles to failure at different pre-sintering temperature was compared. A One-way ANOVA (SAS9.13, SAS Institute, Cary, NC, USA) was used to analysis the cycling times, A Bonferroni test was used to compare the difference between each group. Significance level was set at 0.05.
RESULTS
SEM images of G/Z specimens were shown in Fig.1 . Three distinctive zones were apparent: an outer surface residual glass layer, a graded glass-zirconia layer, and a dense Y-TZP interior. The outer surface residual glass layer as shown in a low magnification backscattered electron (BSE) image was dark phase. The dense Y-TZP interior was light phase. The graded G/Z layer was in between the dark phase and the light phase with a thickness of 110±10 µm (mean±S.D.).
The dependence of Young's modulus and hardness on depth of G/Z was shown in Fig. 2 . The residual glass layer (d≈100 µm, marked as zone I in Fig. 2 ) possessed a Young's modulus value of 80.08±4.39 GPa and a hardness value of 7.8±0.73 GPa. From the testing point in G/Z region(labeled as zone II in Fig. 2 ), Young's modulus value and hardness value gradually increased Fig. 4 revealed the number of cycles to failure was different among groups when specimens loaded at −100~1,000 N. The number of specimens at 900 and 1,000°C was (55±0.45)×10,000 times, and (55±0.63)×10,000 times, respectively, 50,000 times higher than that of 1,100°C (p<0.05), and 75,000 times higher than that of monolith Y-TZP (p<0.01). There was no difference between the value of 900°C and 1,000°C (p>0.05), nor between the value of 1,100°C and Y-TZP (p>0.05). When the load at −60~600 N, all specimens remained intact.
DISCUSSION
Many efforts have been made to investigate the way by which the pre-sintering temperature influence the mechanical properties and machinability of homogenous Y-TZP, but little has been devoted to the pre-sintering temperature of functionally graded glass-zirconia structure.
The TZ-3Y-E grade zirconia powder used in the present study has been used world widely for ceramic restoration, and other study has also use this powder as assessed material 9) . Although some other commercial zirconia may have different composition and property, and the results may not be generalized to full extent, the implication of this study could be useful to most dentists and technicians.
Elastically graded glass/zirconia (G/Z) structures may be produced by infiltrating the surfaces of heattreated zirconia templates with a silica-based glass 8) . The merits of such an approach lie in a relatively low heat-treatment temperature for zirconia templates (compared to the sintering temperature of zirconia), and in combining glass infiltration and zirconia densification into a single process 9, 10) . This way the glass infiltration depth can be tailored by manipulating the porosity of the zirconia templates and the grain growth and/or destabilizing of the tetragonal zirconia phase associated with the post-sintering heat-treatment can be prevented 11) . So the surface flaw by post-sintering heat-treatment can be eliminated and G/Z structure exhibits better resistance to damage than homogeneous Y-TZP. Present study showed there was a grade G/Z structure after glass infiltration followed pre-sintering the zirconia template. This infiltration treatment produced a depth-dependence variation of the Young's modulus and hardness of G/Z plate, which was nearly consistent with the elastic modulus distribution in dentin-enamel junction (DEJ), and had an noticeable effect on mechanical properties. The graded G/Z structure exhibited higher compressive strength compared to the controlled homogeneous Y-TZP, and the number of cycles to failure of the graded structure also increased.
Pre-sintering temperature can influence the microstructure of zirconia template, which inevitably will influence the mechanical property 12, 13) . Therefore it is possible that pre-sintering temperature can influence the mechanical behavior of graded G/Z structure. The G/Z structure pre-sintered at 1,000°C exhibited the highest compressive strength and number of cycles to failure over those structures presintered at 900 and 1,100°C. Pre-sintering is essential to densification of zirconia core material, which can improve the machinability and mechanical properties of zirconia ceramic. After pre-sintering, there is certain porosity inside the zirconia template, which can facilitate glass infiltration. With the rising of pre-sintering temperature, zirconia template becomes denser and the porosity reduced, thus impacting infiltration, and eventually influencing the mechanical properties of the graded structure.
A limitation of this study was that only one commercial zirconia was used, and the results may not apply to other commercial materials, which means study on other commercial zirconia be required to explore the procedure for those materials. Meanwhile, study on actual dental crown structure should be done to explore the optimal procedure of fabricating functionally graded glass/zirconia structure.
CONCLUSION
Results of present study reveal that design of functionally graded glass/zirconia structure has a beneficial influence on mechanical properties. The presintering temperature influences mechanical properties of graded structure. When the pre-sintering temperature is set at 1,000°C, the graded glass/zirconia of structure exhibits the most optimal compressive strength and anti-fatigue property.
